The size-dependent coupling between localized surface plasmons (LSPs) and excitons within a silicon nitride (SiN x ) matrix is investigated. A strong correlation between the photoluminescence (PL) enhancement and this resonance coupling is observed. From the analysis of the relationship between the dipolar resonance peaks of Ag nanostructures with various sizes and those of PL enhancement, we ascribe the enhancement of PL from the SiN x matrix by the addition of Ag nanostructures mainly to the LSP resonance coupling. [2, 7, [9] [10] [11] [12] [13] [14] . The resonances of metals are mainly in the visible or infrared region of the electromagnetic spectrum, which is the range of interest for LED applications [9] [10] [11] [12] 15] . When this collective charge oscillation was confined to the bounded geometries such as metallic nanostructures, we defined it as LSPs [10] . As has been investigated, the resonant excitation of LSPs on the surface of metallic nanostructures by an incident light causes strong light scattering and absorption accompanied by the enhanced local electromagnetic fields with the intensity decaying exponentially within less than 100 nm away from the metal surface [1, 10] . This resonant excitation of LSPs can significantly increase the radiative recombination rate and improve the opto-electrical performance of the luminescence matrix. In our previous investigations, the coupling between LSPs and excitons was regarded as a two-step process [16] . First, the excitons within the luminescence matrix transfer their energies to the LSP modes. After that, the energy from the confined LSP modes outcouples to actual propagation modes, improving the luminescence performance of the active matrix [12, 17, 18] . This LSP-exciton coupling is analogous to the resonator plasmonic coupling in metamaterials, which can also suppress the radiative losses and enhance the quality factors [19] [20] [21] . Differently, the application of these plasmonic metamaterials is mainly focused on the terahertz regime, such as ultrasensitive sensors, active slow light devices, and nonlinear devices [22] [23] [24] . In this Letter, silver nanostructures with various sizes were fabricated. The size-dependent coupling between LSPs and excitons within a silicon-rich silicon nitride (SiN x ) matrix, a competitive candidate material of Si-based light sources due to its superior opto-electrical properties [25] [26] [27] , was demonstrated. The correlation between this coupling and the enhancement of photoluminescence (PL) was investigated.
Recently, the optical, magnetic, and other physical properties of the localized surface plasmons (LSPs) have been widely investigated [1] [2] [3] for their potential applications on photodiodes [4] , photodetectors [5] , photovoltaics [6] [7] [8] , biosensors and ultrafast switches [2] , and lightemitting devices (LEDs) [9] [10] [11] [12] . The surface plasmonic effects referring to the phenomenon of the collective oscillation of excited free electrons at the interface between materials with dielectric constants of opposite sign characterized by a resonant frequency [13] can be observed in heavily doped semiconductors, metal oxides, and metals [2, 7, [9] [10] [11] [12] [13] [14] . The resonances of metals are mainly in the visible or infrared region of the electromagnetic spectrum, which is the range of interest for LED applications [9] [10] [11] [12] 15] . When this collective charge oscillation was confined to the bounded geometries such as metallic nanostructures, we defined it as LSPs [10] . As has been investigated, the resonant excitation of LSPs on the surface of metallic nanostructures by an incident light causes strong light scattering and absorption accompanied by the enhanced local electromagnetic fields with the intensity decaying exponentially within less than 100 nm away from the metal surface [1, 10] . This resonant excitation of LSPs can significantly increase the radiative recombination rate and improve the opto-electrical performance of the luminescence matrix.
In our previous investigations, the coupling between LSPs and excitons was regarded as a two-step process [16] . First, the excitons within the luminescence matrix transfer their energies to the LSP modes. After that, the energy from the confined LSP modes outcouples to actual propagation modes, improving the luminescence performance of the active matrix [12, 17, 18] . This LSP-exciton coupling is analogous to the resonator plasmonic coupling in metamaterials, which can also suppress the radiative losses and enhance the quality factors [19] [20] [21] . Differently, the application of these plasmonic metamaterials is mainly focused on the terahertz regime, such as ultrasensitive sensors, active slow light devices, and nonlinear devices [22] [23] [24] . In this Letter, silver nanostructures with various sizes were fabricated. The size-dependent coupling between LSPs and excitons within a silicon-rich silicon nitride (SiN x ) matrix, a competitive candidate material of Si-based light sources due to its superior opto-electrical properties [25] [26] [27] , was demonstrated. The correlation between this coupling and the enhancement of photoluminescence (PL) was investigated.
The SiN x films were deposited onto the p∕p − Si100 substrates (the resistivity and thickness of the epitaxial layer were 0.5 Ω · cm and 17 μm, respectively) or quartz substrates by a plasma-enhanced chemical vapor deposition technique for different measurements. The nitrogendiluted 10% silane (SiH 4 ) and ammonia (NH 3 ) were used as the reactant gas sources, where the flow rate ratio of SiH 4 and NH 3 was maintained at 1:1. The substrate temperature, deposition pressure, and radio frequency power were kept at 300°C, 0.2 Torr, and 6 W, respectively. After the deposition of SiN x films, a rapid thermal annealing (RTA) process under N 2 ambient at 400°C for 120 s was experienced to improve its quality and stability. For the investigation of the coupling between LSPs and excitons, Ag nanostructure layers with various sizes were fabricated prior to the deposition of SiN x films by RTA the e-beam evaporated Ag films under an Ar atmosphere at 500°C for 1 min. The sizes of Ag nanostructures were modulated by controlling the original thickness of Ag films from 5 to 15 nm (read from a film thickness monitor), which was also used to label the samples; for instance, Ag5 refers to the sample with the original thickness of Ag film 5 nm. A reference sample without Ag nanostructures was also fabricated by the same procedure for comparison (labeled as Ag0).
We employed an atomic force microscope [(AFM) Veeco Digital Instruments Innova] to study the size and shape of Ag nanostructures. The PL signals of the SiN x films with and without Ag nanostructures were excited by a He-Cd laser with the excitation wavelength of 325 nm and recorded by an Acton SpectraPro-2500i monochromater coupled to a photomultiplier tube. A HITACHI U-4100 spectrophotometer was employed for the measurement of the extinction spectra. Figure 1 represents the AFM images of Ag nanostructures with different sizes as well as their depth profiles. Well-dispersed Ag nanostructures were obtained after the RTA process, with the size, the root-mean-square (RMS) roughness, and the average height increased with the original thickness of the Ag layer. The size of Ag nanostructures is increased from 42.1 9.7 nm for Ag5 to 137.9 37.7 nm for Ag15. The RMS roughness is increased from 5.9 nm for Ag5 to 15.9 nm for Ag15, and the average height is also increased from 16.4 nm for Ag5 to 45.3 nm for Ag15, as shown at the right of Fig. 1 . Figure 2 shows the normalized extinction spectra and PL enhancement spectra of Ag nanostructures with different sizes embedded between the SiN x matrix and the quartz substrate. A distinct dipolar resonance peak (λ dipole ) can be observed, where the dipolar resonance energy (hν dipole hc∕λ dipole ) is decreased with the increasing size of Ag nanostructures from 2.2 eV for Ag5 to 1.9 eV for Ag15. Meanwhile, the full-width at half-maximum of the dipolar resonance peaks for the Ag nanostructures with larger sizes is much wider than that for the Ag nanostructures with smaller sizes, which originates from the wider dimension distribution of Ag15 than of Ag5.
As have been mentioned above, the coupling interaction between LSPs and excitons can be treated as a two-step process [16] . First, the excitons within the luminescence matrix transfer their energies to the LSP modes. Then, the energy from the LSP mode outcouples to radiated photons, and the emission from the luminescence matrix is enhanced [16, 18, 28] . Consequently, there should be a strong correlation between the luminescence enhancement and the LSP resonance coupling. For the determination of this correlation, PL spectra of the SiN x films with and without the addition of Ag nanostructures were measured. By dividing the PL intensity of the sample with Ag nanostructures by that of the reference sample (Ag0), we obtained the PL enhancement spectra, as shown in Fig. 2 (right axis) , with the peaks of the maximal PL enhancement factor labeled as the blue dashed line. We labeled the dipolar resonance peaks as the red dashed lines. The peak of the PL enhancement factor is redshifted with the increasing size of Ag nanostructures, which is similar to the trend of the dipolar resonance peaks. All the wavelengths of the dipolar resonance peaks are a little shorter than those of the PL enhancement factor one, which might partially originate from the larger dielectric constant of Si substrates for PL measurements than that of quartz substrates for extinction measurements. Furthermore, the energy loss due to the scattering at the interface between Ag nanostructures and the SiN x matrix and/or the absorption of Ag during the energy transfer process might also contribute to this difference of peak positions. Nevertheless, this strong consistency between the PL enhancement factor peaks and the dipolar resonance peaks indicates that the enhancement of PL intensity by the addition of metal nanostructures can be ascribed to the coupling between LSPs and excitons within the luminescence matrix. This coupling can introduce an additional recombination path and increase the spontaneous emission rate by the Purcell effect [29] , by which the PL intensity of the luminescence matrix is enhanced.
To further confirm our conclusions, we extend the LSP resonance peaks (from about 1.5 to approximately 2.8 eV) by fabricating the samples with Ag nanostructures of various sizes, and investigate the correlation between the dipolar resonance peaks and the PL enhancement peaks extensively. Figure 3 shows the plot of the dipolar resonance energy (hv dipole ) versus the photon energy of the maximal PL enhancement factors (hv PL ), where the previously published data were employed for the detailed investigation. The data labeled as the red triangles can be obtained from [12] , and the data labeled as the green diamonds and the blue stars can be obtained from [17] and [18] , respectively. From the linear fitting of hv dipole versus hv PL , we can obtain the relation of hv dipole hv PL 0.02 (eV). The unit slope of this fitting indicates further that the enhancement of PL intensity originates from the coupling between LSPs and excitons in the luminescence matrix. Moreover, we noticed that the y intercept from this linear fitting is positive (0.02 eV), which means that only partial energy of dipolar resonance contributes to the enhancement of PL intensity during the energy transfer processes [16] . Some part of the energy is dispersed to the interface between the metal layer and the luminescence matrix as scattering or absorbed by the metal nanostructures. Besides, the larger dielectric constant of Si substrates than that of quartz substrates would also make the dipolar resonance peak redshift a little.
In conclusion, Ag nanostructures with various sizes were fabricated to improve the PL performance of SiN x films. A strong correlation between the PL enhancement peaks and the dipolar resonance peaks is observed. From the analysis of the relationship between these two peaks, we attribute the enhancement of PL for SiN x matrix mainly to the LSP resonance coupling. Moreover, the wavelength of the dipolar resonance peak is generally shorter than that of the PL enhancement one, which might originate from the loss during the energy transfer between the LSPs and excitons and/or the larger dielectric constant of Si substrates than that of quartz substrates. Our work may provide an alternative approach of controlling the recombination rate as well as the luminescence performance of Si-based luminescence materials by properly designing the plasmonic nanostructures. Fig. 3 . Relationship between the dipolar resonance energy (hv dipole ) and photon energy of the maximal PL enhancement factors (hv PL ). The data labeled as the black circles are obtained from this work. The data labeled as the red triangles are obtained from [12] . The data labeled as the green diamonds are obtained from [17] . The data labeled as the blue stars are obtained from [18] .
